Background: Ninjurin1 promotes leukocyte trafficking during inflammation through homotypic binding. Results: Changes in Ninjurin1 expression in macrophages regulate protrusive membrane dynamics, motility, and in turn transendothelial migration. Conclusion: The pro-migratory function and binding activity of Ninjurin1 are important for modulating immune responses during inflammation. Significance: This study provides additional insights into the understanding of Ninjurin1-mediated inflammation.
Ninjurin1 is involved in the pathogenesis of experimental autoimmune encephalomyelitis, an animal model of multiple sclerosis, by mediating leukocyte extravasation, a process that depends on homotypic binding. However, the precise regulatory mechanisms of Ninjurin1 during inflammation are largely undefined. We therefore examined the pro-migratory function of Ninjurin1 and its regulatory mechanisms in macrophages. Interestingly, Ninjurin1-deficient bone marrow-derived macrophages exhibited reduced membrane protrusion formation and dynamics, resulting in the impairment of cell motility. Furthermore, exogenous Ninjurin1 was distributed at the membrane of filopodial structures in Raw264.7 macrophage cells. In Raw264.7 cells, RNA interference of Ninjurin1 reduced the number of filopodial projections, whereas overexpression of Ninjurin1 facilitated their formation and thus promoted cell motility. Ninjurin1-induced filopodial protrusion formation required the activation of Rac1. In Raw264.7 cells penetrating an MBEC4 endothelial cell monolayer, Ninjurin1 was localized to the membrane of protrusions and promoted their formation, suggesting that Ninjurin1-induced protrusive activity contributed to transendothelial migration. Taking these data together, we conclude that Ninjurin1 enhances macrophage motility and consequent extravasation of immune cells through the regulation of protrusive membrane dynamics. We expect these findings to provide insight into the understanding of immune responses mediated by Ninjurin1.
Rapid movement of immune cells toward an inflammatory region is an essential prerequisite for the initiation of their sequential functions (1) . Myeloid-lineage immune cells such as resident macrophages and sentinel circulating monocytes are always ready for an emergency, providing high level surveillance by finding the signals of danger and quickly migrating toward infected or damaged sites (2, 3) . These recruited myeloid cells can function as a major regulator of innate immunity by mediating cytokine release, phagocytosis, and the resolution of inflammation, as well as alerting additional adaptive immunity by priming the activation of T lymphocytes. Therefore, understanding macrophage movement during inflammation is an interesting and important area of research (4) .
Macrophages use an amoeboid migration mechanism that differs greatly from that of slow moving fibroblasts and epithelial cells. Amoeboid migration involves weak adhesive interactions with the surrounding environmental substrate and generates fast sliding-type movements in tissues (5, 6) . During macrophage migration, the membrane extension event (i.e. protrusion formation) at the leading edge is essential for general cell motility (7) . Because the contribution of adhesive interaction with substrates during amoeboid migration is less important for movement, the protrusive membrane activity in macrophages is thought to be the major driving force of their migration.
Macrophages can generate broad pseudopodia and spikelike filopodia in the direction of a chemotactic gradient in response to migratory cues (8, 9) . These protrusive structures are dynamically regulated by the components of the cytoskeleton and cytoplasmic signaling. F-actin polymerization is tightly controlled at the leading edge, which is defined by the protrusive membrane to determine the direction of movement. In the cytoplasm of moving cells, the Rho family of small GTPases, including RhoA, Rac1, and Cdc42, meditate the signal from the plasma membrane to regulate actin reorganization during the macrophage migration process (10 -13) .
Ninjurin1 is a small size transmembrane adhesion molecule containing 152 amino acids (ϳ17 kDa). Ninjurin1 includes an N-terminal (amino acids 1-71) and C-terminal (amino acids 139 -152) ectodomain, two transmembrane domains (amino acids 72-100 and 111-138), and an intercellular region (amino acids 101-110). Through the homophilic binding domain (amino acids 26 -37) of its N-terminal ectodomain, Ninjurin1 binds with itself. Ninjurin1 was originally identified in the neurons and Schwann cells of the peripheral nervous system, where it induces neurite extension (14, 15) . Some studies have revealed the role of Ninjurin1 in the immune pathogenesis of multiple sclerosis (MS) 6 and its animal model, experimental autoimmune encephalomyelitis (EAE) (16 -18) . Highly migratory T cells were recently reported to be active in the lungs of EAE rats, and Ninjurin1 was found to be transiently up-regulated and involved in the intravascular crawling of T cells in central nervous system vessels (19) , indicating the involvement of Ninjurin1 in the motility of T cells. However, Ninjurin1 expression is predominantly in myeloid cells rather than lymphoid cells. Moreover, its additional functions beyond homophilic binding during inflammation are largely unknown.
Here, we investigated the role of Ninjurin1 in macrophage motility. Intriguingly, Ninjurin1 facilitates the migration of bone marrow-derived macrophages (BMDMs) and Raw264.7 cells through the regulation of protrusive membrane dynamics. Moreover, Ninjurin1-mediated membrane protrusion formation relies on the activation of Rac1. Taken together, our data show a novel function of Ninjurin1 in macrophage locomotion under inflammatory conditions in addition to its well known homophilic binding activity.
EXPERIMENTAL PROCEDURES
Animals-Ninjurin1 KO mice (C57BL/6J background) were generated by removing exon 1 of the four exons encoding Nin-jurin1 located on chromosome 13 using homologous recombination. These mice were backcrossed with C57BL/6 for at least seven generations. The breeding colony was maintained under pathogen-free conditions in the animal housing facility of the College of Pharmacy, Seoul National University, for the duration of the experiments. We adhered to the rules of the Committee for Care and Use of Laboratory Animals at Seoul National University (SNU-101011-1). The following primer sequences were used for genotyping: wild type (forward), 5Ј-GAG ATA GAG GGA GCA CGA CG-3Ј; Neo (forward), 5Ј-ACG CGT CAC CTT AAT ATG CG-3Ј, and reverse primer, 5Ј-CGG GTT GTT GAG GTC ATA CTT G-3Ј.
Cell Culture-Raw264.7 and mouse brain endothelial cell 4 (MBEC4) cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen) and maintained in an incubator with a humidified atmosphere of 95% O 2 and 5% CO 2 at 37°C. For the BMDM culture, bone marrow cells were obtained from the femurs and tibias of mice (C57BL/6J) at 6 -10 weeks of age and were cultured in RPMI 1640 medium containing 10% FBS and 1% penicillin and streptomycin for 3 days. Cells were differentiated in RPMI 1640 medium containing 20 ng/ml macrophagecolony stimulating factor (PeproTech) for 3 days.
Antibodies-To generate the custom-made anti-mouse Nin-jurin1 antibody, a keyhole limpet hemocyanin-conjugated synthetic peptide containing mouse Ninjurin1 residues 1-15 (Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] was immunized into rabbits following standard procedures (Peptron Inc. and Abfrontier Inc., Korea) as described previously (20) . Anti-Ninjurin1 antibodies were purified using antigen-specific affinity chromatography. Immunostaining and Western blotting were performed using Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Time-lapse Imaging-Time-lapse series of the BMDMs and Raw264.7 cells were taken at 37°C using microscopes (Carl Zeiss, Axiovert M200 and LSM 700) equipped with computerdriven cooled CCD cameras, humidified CO 2 chambers, and autofocus systems. We used the Axiovert M200 microscope to image cell motility and LSM700 to image membrane dynamics.
Construction of the Expression Vectors and Stable Raw264.7 Cell Line-The full-length cDNA sequence encoding the human Fascin1 protein (BC000521) was cloned into the pTagRFP-C (Evrogen) backbone plasmid. pCS2 ϩ Myc tag Nin-jurin1 vectors (Myc-mNinj1) were transfected to overexpress Ninjurin1 in Raw264.7 cells (Nucleofector, Amaxa), as described previously (21) . To construct stable Ninjurin1-overexpressing Raw264.7 cells, full-length cDNA encoding mouse Ninjurin1 (NM_013610) was cloned into the pEGFP C3 backbone plasmid (Clontech, GFP-mNinj1). The GFP-mNinj1 plasmid was transfected into Raw264.7 cells and incubated in complete Dulbecco's modified Eagle's medium containing G418 (500 g/ml). After several days, the existing colonies were selected. Purity and homogeneity (Ͼ90%) were estimated using fluorescent microscope observations and Western blotting.
RNA Interference-For RNA interference (RNAi) knockdown of Ninjurin1 in Raw264.7 cells, small interfering RNAs (siRNAs) that target mouse Ninjurin1 (NM_013610; siNinj1) were purchased from Invitrogen. Negative control siRNAs (siCont) were predesigned by Bioneer Inc. (Korea). The siRNA sequences were as follows: siCont, 5Ј-CCT ACG CCA CCA AUU UCG U dTdT-3Ј, and siNinj1, 5Ј-ACC GGC CCA UCA AUG UAA ACC AUU A-3Ј. Using Nucleofector (Amaxa), each siRNA was transfected into Raw264.7 cells at a concentration Ͻ200 pmol/sample. The Ninjurin1 knockdown efficiency was determined by Western blotting using anti-green fluorescent protein (GFP) and anti-Ninjurin1 (Ab 1-15 ) antibodies.
Quantification of Filopodial Membrane Protrusions in Raw264.7 Cells-To quantify the number of filopodia in Raw264.7 cells, RFP-Fascin1 was transfected into the stable cell line or co-transfected with siRNA. After 24 h, the number of filopodia expressing RFP-Fascin1 per cell was quantified. Raw264.7 cells were plated on MBEC4 monolayers. The Raw264.7 cells that were transfected with RFP-Fascin1 or siRNA were incubated for 15 min on a MBEC4 monolayer that had been stimulated with 10 ng/ml tumor necrosis factor ␣ (TNF␣) and 10 ng/ml interferon-␥ (IFN-␥) for 16 h. After fixation, RFP-Fascin1-expressing filopodia of the Raw264.7 cells were counted. To evaluate the distribution of Ninjurin1 in cells during the transendothelial migration (TEM) assay, Raw264.7 cells transfected with Myc-mNinj1 were added to a carboxyfluorescein diacetate succinimidyl ester-labeled MBEC4 monolayer. After 20 min of incubation, the samples were fixed in 4% paraformaldehyde and stained using anti-Myc antibody (Santa Cruz Biotechnology).
Cell Adhesion and Spreading Assays-To measure the adhesion and spreading activity of overexpressing or siRNA Raw264.7 cells, the cells (3 ϫ 10 5 ) were added to cover glass (12 mm, Marienfeld) coated with fibronectin (50 g/ml) and incubated for 15 min. After washing three times with PBS, the cells were fixed with 4% paraformaldehyde. The adherent cells were imaged in at least six positions by microscopy. The number of adherent cells and their area of spreading were measured using ImageJ software (National Institutes of Health), and values were normalized to that of control cells. In the siRNA Raw264.7 cells, interferon-␥ (INF-␥) (10 ng/ml, 16 h)-stimulated cells were used to measure the difference in cell spreading.
Immunoblotting-Proteins were extracted using a cell lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, 1 mM Na 3 VO 4 , 1 g/ml leupeptin, and a protease inhibitor mixture. After one-dimensional SDS-PAGE, membranes were immunoblotted using anti-Ninjurin1 (Ab 1-15 ), anti-GFP (Abcam), and anti-actin (Sigma) primary antibodies overnight at 4°C. HRP-conjugated secondary antibodies were incubated with the membranes for 1 h at room temperature. Visualization was performed using ECL Plus (iNtRON) and LAS-4000 (GE Healthcare). Actin was used as an internal loading control.
RT-PCR-Total RNA from the stable GFP Raw264.7 cell line was purified using TRIzol (Invitrogen). RT-PCR analysis was performed as described previously (21) . The following primers were used for RT-PCR: Gapdh, sense 5Ј-ACC ACA GTC CAT GCC ATC AC-3Ј and antisense 5Ј-TCC ACC ACC CTG TTG CTG TA-3Ј; Ninj1, sense 5Ј-TGA GGA GTA TGA GCT CAA CG-3Ј and antisense 5Ј-GAT GTC CAG CAT GCT CTC CGC-3Ј.
Immunofluorescence Staining and Microscopy-Cells were incubated with anti-F4/80 (Serotec), anti-Myc, and Alexa 546 phalloidin (Molecular Probes). After incubation with primary antibodies (overnight at 4°C), cells were stained using Alexa 488-conjugated IgG or Alexa 546-conjugated IgG (Molecular Probes) secondary antibodies for 1 h at room temperature. Nuclei staining was performed using Hoechst 33342 (Molecular Probes). Both Axiovert M200 and LSM 700 microscopes were used for immunofluorescence imaging.
Small GTPase Activity and Inhibitors-We analyzed the activity of small GTPases in the BMDMs and Raw264.7 cells by using the recommended procedure provided with the G-LISA Assay Biochem kit (Cytoskeleton Inc.). The activities of RhoA (BK124), Rac (BK125), and Cdc42 (BK127) were assessed. For the pharmacological inhibition study, GFP-mNinj1 Raw264.7 cells were treated with either NSC23766 (Rac1 inhibitor, Tocris) or the dimethyl sulfoxide carrier for 3 h at the indicated concentrations.
Data Analysis and Statistics-All data are presented as the means Ϯ S.E. Statistical significance was evaluated using an unpaired two-tailed Student's t test for single comparisons. Asterisk indicates that p Ͻ 0.05 was considered statistically significant.
RESULTS

Cell Motility and Protrusive Membrane Dynamics Are
Reduced in Ninjurin1-deficient BMDMs-To analyze the function of Ninjurin1 in the migratory behavior of immune cells, we established primary BMDMs and raised an antibody (Ab 1-15 ) to detect Ninjurin1 as described under "Experimental Procedures." Immunostaining was performed using the anti-F4/80 antibody, a macrophage-specific marker. Staining showed the high purity (Ͼ90%) of our BMDM cultures ( Fig. 1A) . Western blots performed using Ab 1-15 on wild-type (WT) or Ninjurin1deficient BMDM cell lysates revealed the specificity of this antibody for mouse Ninjurin1 (Fig. 1B) . We examined the basal motility of WT and Ninjurin1-deficient BMDMs. The timelapse analysis performed under lower magnification microscopy showed that the Ninjurin1-deficient BMDMs had reduced motility (Fig. 1C) , with a lower velocity and shorter Euclidean distance compared with WT BMDMs (Fig. 1D ), providing evidence that Ninjurin1 contributes to basal motility in BMDMs.
Membrane protrusions such as pseudopodia and filopodia at the leading edge are necessary for cell movement (22) . Because Ninjurin1 is involved in cell migration (Fig. 1, C and D) , we evaluated the protrusive activity of WT and Ninjurin1-deficient BMDMs by drawing difference plots of their boundaries in successive video frames ( Fig. 2A) . WT BMDMs were found to generate active pseudopodial membrane extensions and move faster than Ninjurin1-deficient cells ( Fig. 2A ). Next, we analyzed the F-actin intensity of WT and Ninjurin1-deficient BMDMs in the whole cell area via phalloidin staining. The fluorescence intensity of Alexa 546 phalloidin staining was stronger in WT BMDMs than in the Ninjurin1-deficient cells (Fig. 2, B and C). In addition, the WT BMDMs showed a concentrated pattern of phalloidin staining at the leading edge, although Nin-jurin1-deficient cells had diffuse staining (Fig. 2B) , indicating higher protrusive activity in WT BMDMs than in Ninjurin1deficient cells. Because membrane dynamics are also important in cell migration, we examined membrane ruffling in WT and Ninjurin1-deficient BMDMs by using high magnification timelapse microscopy. Ninjurin1-deficient BMDMs had fewer membrane ruffles (Fig. 2D ) and a smaller difference in the changed cell area at the set time interval (Fig. 2, D and E) than that in the case of WT cells. These data suggest that Ninjurin1 is required for membrane dynamics and subsequent basal motility in BMDMs.
Localization of Ninjurin1 to Filopodial Membrane Structures-To examine the subcellular distribution of Ninjurin1, we overexpressed GFP-mNinj1 in BMDMs. The overexpressed GFP-mNinj1 localized to slender membrane protrusions that we assumed to be filopodia (Fig. 3A) . Indeed, the transfected GFP-mNinj1 signals in Raw264.7 cells co-localized with a filopodial marker, RFP-Fascin1 (Fig. 3B) , and Alexa 546 phalloidin staining (Fig. 3C ). Therefore, these results indicate that Ninjurin1 localizes to filopodial membrane structures, suggesting that Ninjurin1 contributes to their formation.
Ninjurin1 Knockdown in Raw264.7 Cells by Using RNAi Leads to Fewer and Less Dynamic Filopodial Protrusions-To examine the effects of Ninjurin1 on the formation of filopodial protrusions, we examined the projection properties of the Raw264.7 cells treated with Ninjurin1 RNAi (siNinj1). Western blots performed using Ab [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] (Fig. 4A ) showed the efficiency of Ninjurin1 knockdown in cells treated with siNinj1 compared with those treated with the RNAi negative control (siCont). Interestingly, siNinj1 Raw264.7 cells had fewer filopodia expressing the RFP-Fascin1 protein than the siCont cells ( Fig. 4,  B and C) . In time-lapse imaging, siNinj1 Raw264.7 cells had fewer filopodium-like protrusions with less active protrusion dynamics than siCont Raw264.7 cells (Fig. 4D ). In addition, we observed active random movement of cell bodies and small pseudopodial membrane extensions in siCont Raw264.7 cells (Fig. 4D ). The number of cells attached to the fibronectincoated plates and their spreading area of siNinj1 Raw264.7 cells were significantly decreased when compared with the siCont cells (Fig. 4, E and F) , implying that the alteration of Ninjurin1mediated cortical activity might be responsible for the extension of small pseudopodia. Taken together, these results demonstrate that the loss of Ninjurin1 in Raw264.7 cells reduces filopodial projections and disrupts their dynamics.
Overexpression of Ninjurin1 in Raw264.7 Cells Enhances Cell Motility, Filopodial Protrusion Formation, and Protrusion Dynamics-To directly address whether overexpressed Ninju-rin1 enhances the migration of Raw264.7 cells, we generated stable Raw264.7 cell lines that constitutively express GFP or GFP-mNinj1. Western blots (Fig. 5A, top panel) validated the molecular mass (ϳ44 kDa), and PCR (Fig. 5A, bottom panel) showed that Ninjurin1 mRNA expression in GFP-mNinj1 Raw264.7 cells was around 2.5-fold higher than that in GFP control cells. The results indicate the successful construction of AUGUST 8, 2014 • VOLUME 289 • NUMBER 32
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the stable GFP and GFP-mNinj1 Raw264.7 cell lines. Consistent with the results obtained for siNinj1 Raw264.7 cells, the number of filopodia labeled with RFP-Fascin1 was increased in the GFP-mNinj1 Raw264.7 cells compared with the GFP control (Fig. 5, B and C) . To compare their membrane protrusion dynamics, high magnification time-lapse imaging of the stable GFP-or GFP-mNinj1 Raw264.7 cell lines was performed. As expected, the stable GFP-mNinj1 Raw264.7 cells showed random movements of their cell bodies and dynamic filopodial protrusions, and they generated pseudopodia-like feet (Fig. 5D ). Consistent with the results of siRNA experiments, GFP-mNinj1 Raw264.7 cells showed increased cell adhesion and spreading compared with that in the case of GFP cells alone (Fig. 5, E and F) . To examine the basal motility of the stable Raw264.7 cell lines, time-lapse imaging was performed under a low magnification microscope. GFP-mNinj1 Raw264.7 cells showed increased motility (Fig. 6A) , with a higher velocity and longer Euclidean distance compared with GFP control cells (Fig. 6B ). Taken together, these data showed that overexpressed Ninjurin1 enhances the formation and dynamics of filopodial membrane protrusions to promote cell motility and movement. 
Ninjurin1-mediated Motility in Immune Cells
Formation of Ninjurin1-induced Membrane Protrusions Requires Rac1 Activation-Because Ninjurin1 mediates basal cell motility by enhancing membrane protrusions, exploration of the mechanism underlying Ninjurin1-regulated membrane dynamics is warranted. The Rho family of small GTPases, RhoA, Rac1, and Cdc42, regulates cytoskeletal rearrangements that are associated with morphological transformations such as the formation of lamellipodia and filopodia (23, 24) . Considerable evidence shows that the Rho family of GTPases is also involved in leukocyte trafficking (25) . Therefore, we examined the basal activity of these small GTPases in siNinj1 Raw264.7 cells. Rac activity was selectively reduced in siNinj1 Raw264.7 cells, whereas the levels of RhoA and Cdc42 activity were similar to that in the siCont Raw264.7 cells (Fig. 7A) . Therefore, Rac activity might regulate membrane protrusion formation downstream of Ninjurin1. We used NSC23766, a Rac1-specific inhibitor (26) , to support this hypothesis. In GFP-mNinj1 Raw264.7 cells, treatment with this inhibitor significantly reduced the number of Fascin1-positive filopodial protrusions. In GFP Raw264.7 cells, the number of filopodia was slightly decreased in the presence of the inhibitor; however, no significant differ-ence was observed between the treated and nontreated groups (Fig. 7, B and C) . Taken together, Rac1 activation is required for Ninjurin1-mediated formation of filopodial membrane protrusions.
Ninjurin1 Promotes the Formation of Adhesive and Invasive Protrusions on an Endothelial Cell Monolayer-We previously found that Ninjurin1 regulates the TEM of immune cells across endothelial cell monolayers (17) . In a previous study using transwell assays, we found that Ninjurin1-deficient BMDMs and siNinj1 Raw264.7 cells show a decrease in their TEM activity across an MBEC4 endothelial monolayer, whereas GFP-mNinj1 Raw264.7 cells show an increase in such activity (17) . These results imply a functional relationship between Ninju-rin1-mediated protrusion formation and TEM. We therefore examined Ninjurin1 localization and protrusive activity in Raw264.7 cells transmigrating an MBEC4 monolayer. High magnification and three-dimensional Z-stack imaging allowed us to observe the distribution of Ninjurin1 in Raw264.7 cells as they passed through the MBEC4 monolayer using their adhesive and invasive membrane protrusions (Fig. 8A) . Overexpressed Myc-mNinj1 proteins were localized to slender filopodial structures in 
the Raw264.7 cells (Fig. 8A) . Furthermore, the number of the filopodial protrusions projected by GFP-mNinj1 Raw264.7 cells on the MBEC4 monolayer was greater than that of GFP cells (Fig.  8, B and C) . Similarly, fewer projections were observed in siNinj1 Raw264.7 cells than in siCont cells (Fig. 8, D and E) . These results suggest that Ninjurin1-mediated filopodial protrusions contribute to TEM across an endothelial monolayer.
In general, leukocytes require both motility and protrusion formation to crawl on vessel walls and transmigrate endothelial monolayers, implying that Ninjurin1-mediated protrusion formation has a role in the latter stages of leukocyte trafficking. Ninjurin1-mediated adhesion between leukocytes and the endothelium at early stages of trafficking have been well described (17, 18) . Taken together with our current results, these data suggest that Ninjurin1 enhances leukocyte trafficking by performing dual stage-dependent functions, leukocyteendothelium adhesion in the early stage, and protrusive functions during diapedesis in the later stage ( Fig. 8F ).
DISCUSSION
Here, we report that Ninjurin1-mediated protrusive membrane dynamics are crucial for macrophage migration. Using cultured primary BMDMs (Figs. 1 and 2) , RNAi (Fig. 4) , and overexpressing Raw264.7 cells (Figs. 5 and 6) combined with time-lapse live cell imaging under high magnification, we showed that Ninjurin1 is involved in Rac1-dependent ( Fig. 7 ) membrane protrusion formation, dynamics, cell motility, and TEM (Fig. 8) .
Previously, using an EAE model, we revealed that Ninju-rin1 is strongly expressed in perivascular myeloid cells and those attaching to and circulating inside the lumen of vessels. Its expression gradually decreases in leukocytes invading interstitial tissues after penetrating the EC monolayer and basement membrane (16, 17) . Based on these results, we speculate that the function of Ninjurin1 is limited to leukocyte-EC interactions during extravasation rather than interstitium migration.
Leukocyte extravasation can be divided into the following five steps: attachment, rolling, adhesion, crawling, and TEM (Fig. 8F ). For successful extravasation, leukocytes initially attach to the endothelium and then generate protrusive structures, podosomes (27) and filopodia (28) , to penetrate the endothelial monolayer. Previous studies using neutralizing antibodies or blocking peptides showed that the adhesive activity of Ninjurin1 is important to mediate TEM (17) (18) (19) . In this study, we also showed that Ninjurin1-mediated protrusive activity is involved in TEM by using Ninjurin1-deficient BMDMs, siRNA, and stable Ninjurin1-expressing cell lines. As shown in Fig. 8F , the homophilic binding activity of Ninjurin1 contributes to the rolling or adhesion of leukocytes during the initial stage when they bind to the endothelium during TEM. After the initial adhesion, Ninjurin1 plays an additional role in generating invasive membrane protrusions during the latter stage to crawl on and transmigrate the inflamed endothelium (Fig. 8F ). Numerous adhesion molecules contribute to crawling and transmigra- tion (1, 29, 30) , and indeed, Ninjurin1-mediated adhesion participates in T cell crawling (19) . Whether Ninjurin1-mediated adhesion and protrusive activities are independent or coordinated sequential processes requires further investigation.
How can Ninjurin1 regulate the Rho GTPase family to contribute to membrane protrusion formation? According to our results, Ninjurin1 drives the formation of membrane protrusions in a Rac1-dependent manner. Because Ninjurin1 is a transmembrane molecule containing a small cytoplasmic domain, it is difficult to conceive how it might interact and regulate the activation of Rac1. Unfortunately, the upstream and downstream components that regulate Ninjurin1, such as binding partners and subcellular signaling molecules, are largely unknown. We propose that Ninjurin1 interacts with the integrin family. As an extracellular receptor, Ninjurin1 might regulate membrane surface protein clusters to activate intracellular signaling. Specialized domains in the plasma membrane, tetraspanin-enriched microdomains, act as a functional platform to support various protein-protein and protein-lipid interactions and mediate cellular events such as cell migration 
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and intercellular adhesion (31) (32) (33) . Many transmembrane adhesion molecules such as integrins, ICAM-1, and VCAM-1 cluster in these domains, transducing subcellular signals through adaptor proteins and members of the Rho GTPase family. Therefore, we propose that Ninjurin1 interacts with other adhesion receptors or transmembrane proteins as a component of tetraspanin-enriched domains, thereby mediating Rac1 activation, the formation of protrusions, and cell migration.
We previously demonstrated that Ninjurin1 is expressed in endothelial cells and is up-regulated during inflammatory conditions in vitro and in the EAE spinal cord in vivo (16) . In response to protrusion formation in leukocytes, endothelial cells generate docking structures composed of microvilli-like protrusions that are oriented toward the penetrating leukocytes and embrace them in what is termed the "migratory cup" or "podoprint" (34) . Mass spectrometry proteomic screening showed Ninjurin1 is localized to lipid raft membrane microdomains isolated from human brain endothelial cells (35) that together co-localize with the migratory cup (34) . These data strongly suggest that Ninjurin1 has a role in the endothelium. Whether Ninjurin1 is involved in the formation of protrusive migratory cups in endothelial cells and the mechanism underlying its interaction at the leukocyte-endothelium synapse to regulate leukocyte diapedesis are interesting subjects to address in future studies.
The involvement of Ninjurin1 in MS has been suggested on the basis of studies examining brains from patients with MS (18), MS model EAE mice (16, 18) , and in mice genetically deficient in Ninjurin1 (17) . Therapeutic trials using blocking antibodies and peptides to inhibit Ninjurin1 function show that Ninjurin1 is a potential target for modulating inflammatory diseases, MS in particular (18, 19) . Further in-depth investigations into the properties of Ninjurin1-expressing immune cells and its adhesive activity are warranted. Here, we described a basal function of Ninjurin1 in immune cell motility. It localized with the filopodial protrusions and activated Rac1, leading to dynamic protrusive behavior. These findings provided additional insights into the understanding of Ninjurin1-mediated inflammation, promising successful and safe clinical translation of Ninjurin1-targeted therapeutics for inflammatory diseases.
